Evaluating the overall performance of buildings has emerged as a trend in building engineering in recent years. Several programs that evaluate building performance have been developed or are being developed in different regions of the world. The Building Envelope Performance Assessment Tool (BEPAT) was initiated at Concordia University based on the feedback received from manufacturers. After briefly introducing the development of the tool, this paper presents an integrated framework which applies Information Technology (IT) and the international standard Industry Foundation Classes (IFC) to ensure that the building envelope satisfies energy requirements as well as other requirements such as moisture and thermal performance, concurrently. The framework is designed to extract geometric and material layers' data of a house from CAD drawings in IFC data model, link to performance evaluation applications, such as HOT2000 and MOIST3.0, and compare evaluation results with a set of criteria. To demonstrate the functionalities of this framework, a prototype system has been developed including a preprocessor that imports the building model from an IFC-compatible CAD application, an application integrator, and a postprocessor. Finally, a case study, which aims to validate this prototype system, is discussed in detail.
Introduction
There is a global trend in understanding and evaluating the overall performance of buildings. In several countries (Sweden, EU, Japan, US, etc.) such programs have been or are being developed in an attempt to assess the issues that influence the performance of the building itself and, in some cases, to assess the impact of the building on its surrounding. Examples of these programs are: P-mark (Sweden) (Anneling,1998) A comparative review of these existing certification programs that deal with evaluation and assessment of housing presented advantages and shortcomings of such programs and identified issues specific for Canada (Horvat and Fazio, 2005) . In addition, the need for developing a similar kind of evaluation program was voiced by Canadian manufacturers and exporters of prefabricated houses. This resulted in two studies done jointly by Concordia University and Forintek Canada Corp.: Assessment of the Prefabricated Building Industry Horvat et al., 2001 ) and Durability in Housing: A Review of Quality Certification Programs and Recommendations (Horvat et al., 2002) . The studies showed that recognition of superior quality would be an asset in marketing the products for domestic as well as export markets .
Based on these studies, a program for the performance evaluation of building envelopes has been developed at Concordia University, Montreal, entitled: Protocol and assessment tool for overall performance evaluation of light-frame building envelopes used in low-rise buildings (Horvat & Fazio, 2003 , Horvat & Fazio, 2004 . This protocol defines a strategy to evaluate a building envelope as an integrated sub-system of the entire building at the design stage, laboratory testing stage, execution stage, and finished stage of the building. The overall performance evaluation protocol includes the following functional requirements: air tightness, moisture management performance, thermal performance, energy consumption performance, structural stability of the building envelope, acoustic resistance, and fire response of the building envelope. The protocol follows a performance-based concept, where each functional requirement is divided into its performance or operative requirements and their corresponding criteria and verification methods. The protocol has been designed for Montreal conditions; however, it can server as a framework for developing similar programs in other regions.
The building envelope is an integral part of the building system and must be well integrated with the structure and the HVAC for the effective performance of the building. The envelope should be treated, therefore, as an integrated part of the building when being designed, and the performance characteristics and construction details of contiguous subsystems should be taken into consideration concurrently (Fazio, 1990 ). Accordingly, a holistic approach to performance evaluation will ensure that the multiple criteria of the building envelope, such as structural, thermal, integrity, moisture, acoustics, etc., are all satisfied and will ensure that compatibility among the subsystems is established, such as the envelope with the structure, the HVAC, and lighting systems of the building.
The performance of building envelopes can be evaluated through tests or computer simulation.
Experimental studies can be carried out in laboratories and in the field, but they are usually more expensive and time consuming than computer simulations. Computer simulation, on the other hand, is less expensive and time consuming, but requires validation. A large number of computer-based applications are already available, e.g., HOT2000 (Buildings Group/NRCan, 2005; Buildings Group/NRCan, 1995) (GES, 2005) , and Airpak (Fluent Inc., 2005) . However, the data input in these applications is complex and time consuming; and people who run the applications need advanced computer skills and professional experience. In addition, some of these applications cannot read the geometry data that are part of the data input from CAD drawings, which results in low efficiency and data input errors (Suter et al., 2004) . Therefore, these applications are typically developed by researchers and used mainly by researchers, and are not often used in actual designs . The work presented in this paper tries to eliminate this gap between the frontline practitioners and researchers.
The objective of the research study presented in this paper aims to develop an IFC-based framework to meet the requirements of evaluating building envelope performance by integrating evaluation applications and criteria with IT (Information Technology) and IFC. The specific objectives of this research study are:
(1) To investigate a conceptual framework for integrating tools to evaluate building envelope performance and compare this performance against established criteria.
(2) To develop a proof-of-concept system to test and validate the conceptual framework.
Building Envelope Performance Assessment Tool (BEPAT)
The protocol developed in Horvat and Fazio (2003) and Horvat and Fazio (2004) also served as the basis for developing an assessment tool called BEPAT (Building Envelope Performance Evaluation Tool), which is a user-friendly tool developed with Microsoft Excel sheet. As shown in Figure 1 , the data generated in the protocol are input manually into BEPAT. BEPAT compares these data against the benchmark values, introduces the weighting system that establishes priority between parameters and calculates the final score. Figure 2 is a fragment (Moisture management performance) of BEPAT in Excel. It shows only 2% of the total requirements of the entire Excel sheet. Data input in BEPAT could be generated by internal calculations in the Excel sheet (e.g., water vapour permeability of the assembly in Figure 2 ) or by other models, calculation methods and computer programs (e.g., interstitial condensation in Figure 2 ), More details about the protocol and BEPAT can be found in Horvat and Fazio (2004) .
Integrated Framework Using Information Technology and International Standards
Although BEPAT is a useful tool, the user should perform the evaluation with each specialized application and then input the evaluation results manually into the Excel sheet (Horvat and Fazio, 2004) .
To solve this problem, an IFC-based integrated framework for implementing the performance evaluation protocol has been developed. It evaluates the performances of the building envelope subsystem using multidisciplinary knowledge, the state-of-the-art IT, and the international data exchange standard Industry Foundation Classes (IFC). With the application of IFC, the framework can import data from CAD drawings and exchange data between the preprocessor and the simulation programs, and can interoperate with other frameworks and software using a standard data format. Its final result enables its users to carry out preliminary evaluation of the performance for the building envelope system with limited knowledge of each simulation program used in the evaluation. Engineers and other professionals with an appropriate knowledge of building envelope issues can carry out the evaluation without having to use individual simulation programs and manually match the results with the specific performance criteria. An overall rating would be obtained and, where this rating falls below expectations, corrective measures would be readily applied. The framework would extend the sphere of knowledge in the area of the building envelope and in the application of software engineering to the field of building engineering .
IFC as a Building Information Model
IFC is a building information model. It is used as data model in this research project. It is developed by the IAI (International Alliance for Interoperability), which is a non-profit organization. It is a building information model for building data sharing and exchange of AEC/FM (Architecture, Engineering, Construction/Facilities Management) objects including physical objects, e.g., walls, or abstract objects, e.g. projects (IAI, 2005) . Based on EXPRESS language which is used in ISO STEP (ISO, 1999) , IFC models are organized into a hierarchy structure with the object-oriented method. Furthermore, it is free, open and available to all AEC/FM software developers; thus, interoperability among AEC/FM software applications is achievable.
Current State of Application of IT and IFC in Building Engineering
IT has been widely used in ACE/FM (Architecture, Construction, and Engineering/Facilities Management). However, when practitioners use engineering software applications, they need to transfer and share data among different applications developed by different software developers. Therefore, interoperability among them is difficult to achieve without an international standard that enables software developers to develop their software based on the same data format. EnergyPlus then imports the building geometry data from the IFC format by using BS-Pro-COM Server.
Data about HVAC system are input manually according to EnergyPlus definition. Bazjanac and Maile (2004) introduced a new IFC HVAC interface to EnergyPlus which is used to translate HVAC data from IFC2x2 file into corresponding definitions in EnergyPlus Input Data Files (IDF). Furthermore, it can also transfer and add HVAC data in EnergyPlus IDF to IFC2x2 data files. An earlier instance of energy simulation with IFC could be shown in RIUSKA software. It has an AutoCAD-based space-modeling tool called SMOG (Space Modeler by Olof Granlund Oy). It creates 3D objects of walls, windows, doors and spaces and also creates connections between these objects. It can import and export IFC1.5 files and transfer building geometry and construction data from IFC-compliant architectural software into other applications such as energy and comfort simulation, visualization and lifecycle cost analysis. Also, results calculated in RIUSKA can be exported to other IFC-compliant software (Karola et al., 1999) .
In code compliance checking, CORENET (COnstruction and Real Estate NETwork) in Singapore has developed a code-checking approach based on IFC. Their Integrated Building Plan and Integrated Building Services (IBP/IBS) e-Plan Checking will enable the government to approve building plans submitted by architects and building services engineers on the Internet (Liebich et al., 2002) . This approach may be extended to offer performance-based code checking. A model-mapping engine called eThermal has been developed within the novaCITYNETS ePlanCheck framework (FORNAXTM) to accomplish the task of translating CAD models to EnergyPlus model for thermal and energy simulation (WONG, 2004) . IFC is an evolving international standard. With its various extension schemas developed by IFC implementers, it can describe objects in ACE/FM industry which are not included in the current IFC version. Taking the CORENET project as an example, because not all the required facilities which support automated code compliance checking within the e-Plan Checking project are included within IFC2x version, an IFC extension called IFC Extension Project CAS (Codes and Standards) is being developed. It is fully coordinated with other parts of IFC2x2, such as IAI BS8 project, which is related to building services, and IAI EL1 project, which is related to electrical services. This guarantees that the effort in developing a data model in CORENET project would be accepted internationally (Liebich et al., 2002; Yang et al., 2004) .
Overview of the Evaluation Framework
The overall design of the evaluation framework is shown is Figures 3. It has the following features:
(1) Extracting the physical properties, such as dimensions, materials, etc., from the CAD drawings in IFC model and then transferring these data into the simulation programs.
(2) Integrating simulation programs to enable the user to easily input the characteristics of a given building envelope system and its target geographical location.
(3) Linking to evaluation applications, such as HOT2000, to determine the performance values, such as the energy consumption of a house for a given region.
(4) Comparing this performance value against existing criteria for that region which would be provided by the prevailing standards and codes.
(5) Interoperating, if necessary, with other systems and software using IFC.
As shown in Figure 3 , the framework consists of the following components and user interfaces.
(1) An IFC-compatible CAD application. It is a CAD tool which can transfer 2D or 3D CAD drawings, files in DraWinG (DWG) or Data eXchange Format (DXF), into IFC files. It can also read IFC files and transfer them into 2D or 3D CAD drawings. Architectural Desktop (Autodesk, 2005) with its IFC2x utility and ArchiCAD (Graphisoft, 2005) with its add-on interface are two typical IFC-compatible CAD applications available on the market.
(2) A preprocessor. The preprocessor is a functional unit in the framework that processes the input data for the building envelope. It is used to access an IFC file from the CAD software; input data from end-users; store data to, and retrieve data from, the database; and build a middle layer (internal data structure) to transfer data to its receptor, the application integrator. The preprocessor consists of:
• An IFC processor, which imports data, such as dimensions, materials, etc., from an IFC file into the framework. Furthermore, it can modify the IFC files, for example, creating, retrieving, and deleting IFC instances, and setting or editing attribute values for IFC instances.
• A user interface for inputting data, which is a graphical interface for the user to input data from IFC model or manually. Moreover, the user can access the material and weather database by using this interface.
• A material and weather database, which manages the data of material and weather information in the system.
• An internal data structure, which is used to map the data from the IFC processor and the user interface for inputting data into the memory. It could be a single class or a set of classes depending on how many applications have been linked in the application integrator. It defines all the data in the framework as well as the functions that these data invoke. Moreover, it has an extensible structure which can be scaled to suit the applications that the framework includes in the application integrator.
(3) A user interface for selecting evaluation category. This interface helps the user to select the categories of the evaluation performance included in BEPAT. These categories could be one of the following: air tightness, thermal performance, moisture management performance, energy performance, structural stability of building envelope, acoustic performance, fire control of building envelope, quality materials, quality workmanship, and maintenance.
(4) A user interface for inputting performance value. This interface helps the user to manually input the performance value corresponding to the selected evaluation category. This interface is used when the performance value (e.g., air leakage rate) cannot be calculated automatically by the linked simulation programs.
(5) An application integrator. The integrator is used to integrate the simulation programs such as HOT2000 and MOIST3.0. It is a linkage between the preprocessor and the simulation programs as well as a receptor for the data that are transferred from the preprocessor. Moreover, it generates performance values automatically by invoking corresponding simulation programs. As shown in Figure 3 , the application integrator consists of:
• A user interface for selecting evaluation program, which is a graphical interface for user to select the simulation program corresponding to the category of evaluation performance decided by the user interface for selecting an evaluation category. For instance, HOT2000 may be selected for assessing energy performance; MOIST3.0 may be selected for assessing moisture management performance; and Airpak may be selected for assessing air quality.
• Simulation applications, such as HOT2000, MOIST3.0, CONDENSE, EnergyPlus, WUFI-ORNL/IBP, hygIRC, Airpak, and so on. One is input by the user from the user interface for inputting performance value; the other is generated automatically by simulation programs in the application integrator. The postprocessor is used to retrieve performance evaluation criteria from the rule database, compare the performance value with the retrieved criteria, and create a final report to the user. The rule database contains rules extracted from BEPAT.
The Process of Performance Evaluation
The process of building envelope performance evaluation involves inputting data into the framework, generating performance value manually or automatically, and assessing performances against evaluation criteria.
As shown in Figure 3 , when the user initiates the process to assess the building envelope performances, he/she can input the data about the building envelope using the preprocessor. These data can be input either using the IFC processor or by the user interface and can be mapped into the memory by the internal data structure.
Having input the data into the framework, the user can select the evaluation category by the user interface for selecting the evaluation category. There are two types of performance values: one is input by the user, such as air leakage rate; and the other is calculated by simulation applications, such as energy consumption from HOT2000. The first type is input manually by the user interface for inputting performance value, and the second one is calculated automatically by the application integrator.
After obtaining performance values, the framework begins to evaluate these performance values in the postprocessor. First, it retrieves criteria from the rule database according to the category of the performance values. Then, the performance values are compared with the retrieved criteria. If the result of the comparison is satisfactory, the user can go back to the user interface to select another evaluation category, or he/she can select to output the final report. On the other hand, if the comparison gives an unsatisfactory result, the user can revise the input data or the design and evaluate the performance again, or output the final report and indicate it failed the evaluation. There are two ways to revise the input data or the design: one is by modifying the CAD drawing; and the other is by changing the input data in the user interface for inputting data.
Implementation of the Framework
In order to demonstrate the concept of the evaluation framework presented in this paper, a prototype system is currently under development . At this stage, some components or user interfaces of the framework are not fully implemented. The following is the summary of the implementation:
(1) The IFC processor in Figure 3 has several functionalities, such as searching for IFC files from the database, transferring data from the selected IFC file into the prototype system, and displaying imported data on the screen. With this IFC processor, the framework can import geometry and material layer data from the IFC model (IFC text file) using the Europstep Active Toolbox, which is an Active X component that provides an interface to access IFC model data (Eurostep Group, 2005) .
The IFC text file is automatically generated by a CAD-compatible application (e.g., Architectural
Desktop) from the 3D CAD model. However, at this stage, the prototype system cannot modify the IFC model by the user interface for inputting data.
(2) Besides importing geometry and material layers' data from the IFC model, the prototype system provides the user interface for inputting data manually. Data other than geometry and material layers, such as WYEC (Weather Year for Energy Calculations) cities in MOIST3.0, weather region and weather city in HOT2000, can be input by the user manually. One of the tab pages (Layer Information) in this interface is shown in Figure 6 . On the left-hand side, the user can use the textboxes and comoboxes to input layer information of a wall in a building, such as name, thickness, initial moisture content (MC), wood-based material, thermal resistance, and permeance for the layers. On the right hand side, a graphical cross section of a wall is illustrated.
(3) Besides importing IFC data and inputting data by the user manually, the prototype system simplifies some complicated data input, such as the HVAC system of a house, by defining them using default values.
(4) The prototype system evaluates the performance value which is generated automatically by the application integrator. The user interface for selecting the evaluation category and the user interface for inputting the performance value in Figure 3 are not implemented yet.
(5) At this stage, the prototype system links two simulation programs: HOT2000 and MOIST3.0. It transfers input data from the preprocessor into these two programs, invokes them automatically, and overwrites their input files with the input data. In this way, the prototype system can evaluate the energy consumption of a house, and moisture and thermal performances of assemblies concurrently.
The success of linking to the simulation applications HOT2000 and MOIST3.0 results from the availabilities of their APIs (Application Programming Interfaces). HOT2000 is supported by NRCan (Natural Resource of Canada) and is an energy analysis tool for low-rise residential buildings (Buildings Group/NRCan, 2005) . Its Windows version could not be linked directly because it has no API. However, NRCan has provided a BATCH HOT2000 version in which both the input and output data are written in ASCII files (Bradley, 2003) . Thus, the framework links and transfers input data to this application by overwriting its input and output files. MOIST3.0 was developed by NIST (National Institute of Standards and Technology) and predicts the transfer of heat and moisture in a multi-layer wall under non-isothermal conditions (Burch et al., 2001 (Burch et al., , 1997 . Like HOT2000, both the input and output files in MOIST3.0 are also in ASCII format. Therefore, the framework links and transfers input data to this application in the same way as in HOT2000.
(6) The prototype system simplifies the output data from HOT2000 and MOIST3.0 by picking up the most useful output results in the evaluation summary (e.g. annual total fuel consumptions). This would enable the user to understand the output of the simulation programs more easily.
(7) The postprocessor in the prototype system compares part of BEPAT by extracting the rules (clauses) into the system directly. Knowledge-based code compliance checking is not included in the prototype system at this moment.
Case Study
In order to test the prototype system, a typical house in Quebec is selected as a case study. The case study will demonstrate the application of IFC and the integrated evaluation approach by importing geometry and material layers' data from an IFC file with the Eurostep Active Toolbox and evaluating the hygrothermal and energy performances with the prototype system concurrently.
Case Description
The selected house is one of ten houses designed for the Advanced House Program in Canada, which showcases the Canadian innovations and affirms the commitment that fosters a greener environment. It is was not monitored in the field test system. Therefore, there are no DHW data available in this case study.
The data from the field tests were collected over a 21-month period from November 1993 to July 1995 (Gerbasi, 2000) .
Importing Geometry and Material Layer Data from an IFC File with the Eurostep Active Toolbox
In this study, the AutoDesk's show how the prototype system handles data which are imported from the IFC model by the IFC processor. As shown in Figure 5 , after a user clicks the button, "Get Geometry Data from IFC,"
geometry data, such as total length and average height of each floor of the building, will be transferred into HOT2000 input files. In addition, as shown in Figure 6 , after a user clicks the button, "Get Layers from IFC," material layers' data, such as interior and exterior finishes, material layer names, and layer thickness, will be transferred into MOIST3.0 input files.
Evaluating the Hygrothermal and Energy Performances with the Framework
In order to prove that the prototype system can evaluate the energy, thermal and moisture performance concurrently by the proposed integrated framework, the wall cross-section of the NOVTEC house was are not carried out directly in HOT2000 and MOIST3.0. Instead, they are carried out in the prototype system by invoking these two applications. Table 2 shows the evaluation summary of the NOVTEC house with the Non-efficient Wall in two locations. The following is the analysis of the data in this table:
(1) Although the moisture content could impact on the thermal resistance of the wall, the R-values of the wall in the two cities vary slightly. They are 2.2, and 2.4 RSI, in Montreal and Vancouver, respectively.
Moreover, the R-value of the wall in Montreal is 2.2 RSI, which is less than the 3.4 RSI, the threshold in BEPAT for Montreal. Thus, an extra insulation layer should be added.
(2) The moisture contents (MC) in the two wood-based layers (fireboard sheathing and sugar pine) are significantly different. In Vancouver, the maximum moisture contents in these layers are 14.7 % and 16.8 %, respectively and are both less than 19%, the threshold mentioned in BEPAT. Thus, no rot will occur in these two wood-based layers. However, in Montreal, the maximum moisture contents in these layers are 26.7% and 24.5%, respectively, and are greater than 19%. Moreover, the durations that the MCs are greater than 19% in these layers are 13 weeks and 12 weeks, respectively. Thus, moisture damage due to condensation may occur in these two wood-based layers in Montreal.
(3) Due to the difference of the annual heating degree-day in the two locations (ranging from 4471 to 3007 ºC-days), their energy consumptions are different. The difference between the annual total fuel consumption of the NOVTEC house in Montreal (12275.1kWh) and in Vancouver (9190.2kWh) is mainly caused by the difference between the fuel consumption of heating and cooling in these two locations. Table 3 shows the evaluation summary of the NOVTEC house with the Efficient Wall in two locations.
The following is the analysis of the data in this table:
(1) For the same reason as in Table 2 , the R-values of the wall in the two locations vary slightly. They are 5.0, and 5.2 RSI in Montreal and Vancouver, respectively. Moreover, the R-value of the wall in Montreal is 5.0 RSI, which is greater than the 3.4 RSI, the threshold in BEPAT for Montreal. Thus, the Efficient Wall meets the requirement in BEPAT.
(2) The moisture contents (MC) of the wood-based layer plywood in the two locations are very similar.
The maximum moisture contents in this layer are 10.3% and 9.5 % in Montreal and Vancouver, respectively and are both less than 19%, the threshold mentioned in BEPAT. Thus, no rot will occur in this wood-based layer in both locations.
(3) For the same reason as in Table 2 , the values of the annual heating fuel consumption of the house are significantly different in the two locations, and their energy consumptions are different. The difference between the annual total fuel consumption of the NOVTEC house in Montreal (11176.8 kWh) and in Vancouver (8437.7 kWh) is mainly caused by the difference between fuel consumption of heating and cooling in these two locations.
By comparing the values of the hygrothermal and energy performance in Tables 2 and 3, inches (12.7 cm), respectively. However, in terms of lifecycle cost and environment protection, the house with Efficient Wall costs less in energy consumption and has less gas emissions.
The energy performance of the house had been monitored before the occupants moved in the house. Table   3 (Columns 2 and 3) compares the values of energy performance derived from the evaluation with the framework and the field test for the Efficient Wall in Montreal.
The differences of the values in the energy performance between the evaluation with the prototype system and field test are small. For example, the values of annual total fuel consumption derived from the evaluation and the field test are 11171 kWh and 11280 kWh, respectively, where the value in evaluation is 1% less than that in field test. Although some values such as the annual cooling fuel consumption are significantly different, they are less important in terms of energy consumption. Therefore, the results from the proposed system can be used to evaluate the energy performance of a house.
Summary and Conclusions
The research presented in this paper has established the concept for a building envelope performance evaluation framework. This framework integrates existing simulation applications and evaluation criteria with the multidisciplinary knowledge expressed in BEPAT, state-of-the-art IT, and IFC. With some simplifications, a prototype system was implemented based on the concept of the proposed framework. It applies the IFC as its data model and extracts the geometric and material layer data from CAD drawings.
Applications such as MOIST 3.0 and HOT2000 have been successfully linked to the prototype system.
The performance values generated from the evaluation applications have been partially compared against
BEPAT. The case study demonstrated the usefulness of the prototype system.
The proposed framework can facilitate the building envelope evaluation by:
(1) Simplifying the input and output data of the evaluation applications. These applications have many input and output files. By setting up default values in the input files and picking up the most useful output results in the evaluation summary, the user can use the applications with a minimum set of input data, such as the weather city. Moreover, she/he can check the most important evaluation results, such as the annual total fuel consumptions.
(2) Carrying out the evaluation in short time.
(3) Operating the system without having to learn all the details about the evaluation applications.
(4) Establishing an extensible structure. In the long term, the framework can link more applications depending on the users' needs.
(5) Reducing the repetitive data input. Based on the same CAD model and general manual data input, the user can use the data of a building in different applications. 
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